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ABSTRACT 

The self-heating of small foil resistance strain gages is 
studied both analytically and experimentally. The thermal 
resistance of the strain gage-specimen combination is obtained 
and utilized in relating the steady state temperature rise of 
the gage grid to the magnitude of the electrical current flow-~ 
ing through the gage. It is shown that the primary mechanism 
for dissipation of the gage self=heat is conduction through the 
gage backing, bonding adhesive, and specimen, then radiation 
and convection from the specimen surfaces to the environment. 
The heat dissipation paths provided by the lead wires and the 
exposed gage grid and tab surfaces are found to account for a 
negligible fraction of the heat transferred. For the smallest 
gages the backing and adhesive contribute nearly all of the 
thermal resistance of the primary path. In the latter cases 
it is shown that gage heating is substantially independent 
of the thermal conductivity or size of the specimen and that 
the gage power dissipation per unit grid area is the dominant 
parameter in predicting the steady-state temperature rise of 


the grid. 
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1. Introduction 


The usefulness of resistance strain gages is dependent 

upon the accurate measurement of resistance changes due to 
‘Chagger in external loading. In practice, however, the measured 
change in resistance is not always entirely attributable to 

the load change since the resistivity of the gage material is 
dependent upon temperature. Strain gage resistance also varies 
with the temperature dependent elongations of both the gage 

and the specimen to which it is attached. A great deal of 

study in the strain gage field has been concerned with the ef- 
fects of elevated environmental temperatures on gage performance 
and methods by which these effects may be compensated or elimi- 
nated /123 133 2h3 273 283293 3hs 373 h2s WSs: L8/.% But, in 
most investigations to date, the effect of self-heating by the 
I?R losses of the gage has been either neglected or described 

in general terms. 

Since foil gages were introduced into the resistance strain 
gage field the size of these devices has been greatly reduced. 
Miniature foil gages are presently available with gage lengths 
as small as 0.015". Because of the very small area available 
for dissipation of the Joulean heat in these miniature gages 
the apparent strain due to the self-heating effect has be- 
come an even more appreciable part of the gage output than 

*Bibliographic references are shown as /1-1,2: 2/. This 


example would indicate reference #1, pages 1 and 2 and reference 
#2 in the Bibliography beginning on page hh . 
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that for the larger foil and wire gages. In some applications 
this effect might be the limiting factor on gage utility since 
the sensitivity of the strain indicator is directly proportional 
to the gage current /25; h2/ while the amount of heat generated 
is proportional to the square of the gage current (I°R). 

This study was undertaken, then, in an attempt to deter- 
mine some of the self-heating effects on the performance of 
very small foil gages. A more specific goal of this study was 
to obtain a rational expression relating the steady-state gage 
grid temperature and the thermal power dissipated by the gage. 
The analytical treatment of the problem involves a theoretical 
heat transfer analysis leading to an expression for the thermal 
resistance of the gage-specimen system. The validity of the 
theoretical predictions concerning gage performance is then 
determined experimentally. Because of the many variables in- 
volved in strain gage technology the experimental investigation 
was restricted to determining the effect of several values of 
gage current on small foil gages of the same type, but of 
different dimensions, attached with the same bonding adhesive 
to flat plates of stainless steel and aluminum of various 


sizes. 
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2. Fundamental Hypothesis 

In order that a resistance strain gage may accomplish 
its designed function an electrical current must flow through 
it. But, when the current flows through this region of rela- 
tively high resistance some of the electrical energy provided 
becomes "lost" to the electrical circuit. This "lost" 
electrical energy manifests itself as heat and must be removed 
from the immediate vicinity of the strain gage to prevent ex- 
cessive grid temperatures which enhance the occurrence of the 
undesirable effects described below. The self-heating prob- 
lem in these gages, then, is primarily concerned with the 
amount of heat generated and the means by which it may be dis- 
sipated. 


The thermal power developed by an electrical resistor is 


255% R : (1) 

For application to the case at hand, as is the heat generated 
per unit time by the electrical current flowing through the 
gage, I, is the electric current flowing, and Rg is the 
electrical resistance of the gage. 

As an example, if a current of 50 milliamps flows through 
a 120 ohm gage the heat generated is only 0.300 watt or 1.02) 
Bru/nr. However, as shown below, almost all of the heat 
generated per unit time is dissipated from one face of the gage 


grid under steady state conditions. Considering the total grid 


area for a gage having grid dimensions of 0.015" x 0.020" this 
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small amount of heat results in a heat flux of about 190,000 
Bru/hr-ft?. For purposes of comparison, the maximum heat flux 
in the seed elements of the Shippingport Thermal Nuclear Power 
Reactor is 418,000 BruU/nr=ft? / 6-587/. Since the local 
temperature rise above a given datum is directly proportional 
to the heat flux there will be an appreciable temperature rise 
at the gage grid in the above example. 

Scott /lS-80/ divides the effects of this temperature rise 
into three stages. In the first stage, small temperature in- 
creases result in apparent strain indication because of the 
temperature coefficient of resistance effects as described be- 
low. This stage is characterized by a near-linear relation- 
ship between apparent strain and the power dissipated by the 
gage. Further increases in gage current (and hence temperature) 
cause the gage bond to be weakened and lower the sensitivity 
of the gage to strain changes in the specimen. In this second 
stage the relationship between apparent strain and temperature 
becomes non-linear. Increasing the current further still ine 
creases the departure from linearity and eventually results 
in destruction of the gage. This is the third stage. 

For reliable strain indications, then, it is desirable to 
know the apparent strain for a given gage current. This may 
be obtained in three steps for the range of first stage tempera- 
ture effects (the normal operating range for most applications). 
First, the temperature of the gage must be determined as a 


function of gage current such that 
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AT iq C2) 


where rt is the average temperature rise of the gage 


O 
grid above the ambient temperature of the 
environment, 

Ren is the equivalent thermal resistance of the 
gage-specimen system, and 

Io is as previously defined. 


Then, combining (1) and (2), 
AT eI RR (3) 
O qd. -tn. 

Second, the fractional resistance change as a function of 
temperature is obtained. This expression may be written as 

AR ace 

[ m, fe 
aa NAT, Tr Ro Rey, (4) 
g 

where is defined as the temperature coefficient of electri- 


cal resistance of the strain gage system. Finally, the exe 


pression for strain as a function of fractional resistance 


change, ' : 
A 
c. an —_ a (5) 
F g 


is used to determine the apparent strain eo» where F is 
the gage factor supplied by the manufacturer for the gage. 


Combining (l) and (5) 


i 2 
€. - r (N IG Rg Rend» (6) 
which is the desired relationship. 
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Calculations of apparent strain will not be made in this 
study but are easily obtained from Eq. (6) provided that the 
parameters indicated are known. For any gage installation the 
gage factor and gage resistance are provided by the mamfacturer. 
The gage current may be easily obtained from measurements. 
However, the temperature coefficient of electrical resistance 
and the equivalent thermal resistance of the system must be de- 
rived. | 

For environmental eamiyRARacy changes it may be shown 
/u5~-86/ that the temperature coefficient of resistance for the 
sy sten is 

Yo =~ K+ f(a, -) (7) 
where 6 is the temperature coefficient of resistivity for 
the gage material, 
O& is the coefficient of thermal expansion for the 
gage material, 
fo 4 is the coefficient of thermal expansion for the 
specimen material, and 
f is the strain sensitivity of the gage material 
[iC leer 2ee9 / 
This expression was developed originally for wire gages but 
also may be applied to foil gages. 
If the gage is self-temperature-compensated for a given 


type of specimen material then (7) becomes 


Q’ = B-X+ (0%, - KX) = 0 (8) 
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where a is the thermal coefficient of expansion of the 
material for which the gage is compensated. Then, in general, 
for the self-temperature-compensated gages on different materials, 
subtracting (8) from (7), 
Nt = £(K%, + %,) (9) 
which is the result shown by Higson /28-159/. 
Combining the work of Stein /l8-1.6/ and Perry and Lissner 


/\2=158,159/ it may be shown that 


‘1g k 
wheres k is the transverse sensitivity ratio of the gage 
Guid, 


jc is Poisson's ratio for the compensated specimen 
material, and 
f and F are as defined above. 
The transverse sensitivity ratio, k, is extremely small for 
these small foil gages because the end loops which join adjacent 
grid filaments are much larger than the filaments themselves 
/lel35=3/. Considering the order of the approximations to be 
employed in the heat transfer analysis, it may be assumed that 
the transverse sensitivity in (10) is negligible and 
fi Myr .. (Gl) 
For the case of self-heating, however, Eqs. (7), (8), and 
(9) do not strictly apply because the temperature rise at the 
gage grid is greater than the rise at the surface on which the 


strain is being measured. In addition, the temperature rise 





at the specimen surface is confined to a very small region. 
Since all of the specimen material except this minute region 
is at an appreciably lower temperature.it will act as a physi- 
cal constraint on the higher temperature region resulting in 
a practically negligible thermal expansion of the region. Hence, 
the thermal strain in this region (KAT) is assumed to be 
negligible and the temperature coefficient of resistance of the 
system for the case of self heating may be written, from (9) 
and (11), 
Ye FOX, (12) 

The equivalent thermal resistance of the system, Rens 
used in Eq. (6) is most difficult to obtain. The determina- 
~tion of its magnitude requires a steady-state heat transfer 
analysis of the entire strain gage-specimen complex. This 
parameter is the major topic of the remainder of this study. 

To begin this heat transfer problem it may be observed 
in Figure 1 that, basically, there are three paths by which 
the Joulean heat may be removed and dissipated. These are: 
(1) by conduction through the gage backing, the bonding adhesive 
and the specimen to which the gage is attached: (2) by conduce- 
‘tion through the gage covering (if there is any) and then by 
radiation and convection from the exposed surface; and (3) by 
conduction, radiation and convection from the terminal babs 
and leads. The latter is actually composed of two paths since 
there is a tab at each end of the gage. This system, in 


steady state, is shown schematically in Figure 2 for a threee 
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lead gage installation. It may be noted from the figure that 


if the gage is connected by the usual two-lead method both tab 


paths would be identical. In that case it would be necessary 


to show only one path on the diagram with the understanding 


that its equivalent thermal resistance is one half of that for 


either of the individual paths. The pigtails and terminals 


will be considered with the lead wires. 


The nomenclature of Figure 2 is as follows: 


qr 


Ta 


heat dissipated from a tab per unit time 

heat dissipated from exposed grid surface 

per unit time 

heat dissipated through specimen from gage 
grid per unit time | 
heat dissipated by a lead per unit time 

— dissipated frém exposed tab surface per 
unit time 7 
heat dissipated through specimen from gage ot 


per unit time 


ambient temperature of environment 


average gage grid temperature 

average tab temperature 

average temperature between backing and cement 
under grid toe 

average temperature between backing and cement 


under tab 


iL 








T 
pg 


R 


average temperature between cement and specimen 


under grid 


average temperature between cement and specimen under 


tab 

resistance to heat flow 
grid 

resistance to heat flow 
resistance to heat flow 
surfaces under grid 
resistance to heat flow 
grid 

resistance to heat flow 
resistance to heat flow 
resistance to heat flow 
resistance to heat flow 
surfaces under tab - 
resistance to heat flow 
tab 


resistance to heat flow 


through gage backing under 


through adhesive under grid 


through specimen and its 

from exposed surface of gage 
from gage grid to tab- 

through gage backing under tab 
through adhesive under tab 
through specimen and its 


from exposed surface of gage 


through a lead wire 


Considering this schematic diagram as an electrical analogue 


of the steady state heat transfer mechanism, basic electrical 


circuit analysis /38;35/ will permit calculation of the gage 


temperature for a given gage current by Eq. (3) provided the 


ambient temperature and all of the thermal resistances shown are 


known. 


be 
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Determination of the various thermal resistance parameters 
by the methods of rigorous heat transfer theory /113163193;21322; 
313333433hLh3h6;49/ and then combining them to form R,, would 
indeed be most complex and quite formidable. Since one of the 
objectives of this study was to attempt to develop relatively 
simple, rational expressions for the behavior of the system a 
less complex approach was devised. 

The individual thermal resistance parameters were developed 
by means of linear heat transfer theory and appropriate approxi- 
mations in Appendix I. The associated assumptions and result- 
ing restrictions were included for each parameter obtained. 

Normal procedure would then be to combine these resistances 
in parametric form by circuit analysis methods to arrive at the 
equivalent thermal resistance of the system. As can be readily 
imagined, the algebra involved in performing this task for the 
circuit of Figure 2 with the resistance parameters developed in 
Appendix I would become quite involved. 

Alternatively, the individual thermal resistances were 
evaluated in Appendix II using relevant physical properties and 
dimensions for the system components. From the relative magni- 
tudes obtained for the resistance parameters and their respec- 
tive locations in the circuit it was observed that most paths 
transmit a negligible fraction of the heat. In particular, it 
was shown that the lead wires have a negligible effect on the . 


heat transfer mechanism and that the only path by which any 
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appreciable amount of heat is dissipated to the atmosphere is 
through the specimen. Thus, based on the results of Appendix II, 
the equivalent thermal circuit of Figure 2 was reduced to that of 
Figure 3 and the equivalent thermal resistance of the entire 


system is 


SPECIMEN PATH 





Figure 3. 
Reduced Schematic Diagram of 
Steady State Heat Transfer System 
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The parameters employed in Eq. (13), as defined in Appendices 
I and II, are: 

the total surface area covered by the gage grid 

dy, the thickness of the gage backing 

d the thickness of the bonding Hine sive | 

ky the thermal conductivity of the backing material 
Ke the thermal conductivity of the adhesive 


the thickness of the specimen under the gage 


cr 


Ky the thermal conductivity of the specimen material 

lp the equivalent radius of the specimen surface 

h the surface coefficient of heat transfer 

Examination of the calculated values for R,, listed in 
Table II-8 (p. II~22) shows that the overall thermal resistance 
has relatively Little dependence on the specimen size except 
for the gage with 3.9 x lose in? grid area where, as will be seen 
below, the self-heating effect is much less significant than for 
the smaller gages. The tabulated values also indicate that the 
variation with specimen material between the highly conductive 
aluminum and the poorly conducting stainless steel is less than 
10% for the smallest gage and only about 20% for the largest of 
the three gages. It is quite evident, however, that the greatest 
variation is due to the gage size and its effect on the resistance 
of the backing and adhesive. | 

Based on these results it is hypothesized that for the small- 
est gages (those with grid areas of less than 0.001 square inches) 


the specimen dependence can be eliminated from Eq. (13). For 
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these extremely small gages, then, the equivalent thermal resis- 
tance of the system becomes 


a d 


l ey 
Re eee lh (1h) 
th A. ky, kK, 


Having obtained an expression for Ris the average gage 
grid temperature for a given gage current may now be obtained 
from Eq. (3): 

= 2 
T maleae + te Ra Rin: (15) 
For the general case Ry, may be calculated from (13). For those 


installations utilizing extremely small gages the thermal 


resistance may be approximated by (1) and the grid temperature 


rise becomes 2 
cor o , _Sb g Sa e (16) 
re) Ag Kh i, 


As stated by Stein /l:7/ and others, the performance of a 
strain gage installation is only as good as the quality of the 
bond between the gage and the specimen. It has been tacitly 
assumed in the preceding derivation of Rey that the gage is 
perfectly bonded to the specimen. If, for a given installation, 
a good quality bond is not assured the performance of the system 


would be highly unpredictable. 


16 


eS —> + = 
aa ——_ > = - 
-_ -~ 
; 
= Eee «<= «& _ => 2a 
2 Gees? ¢ — 
> “Ss © aw: >»... _  —— 
, — & 
© 6:6 a 
= ep... - > 
== 6 ae ne 
- —_— @& — _ = -— = 
‘= =n 4annE> ia. 7 
-_> —-!> ——— 
- se == =@ O-« 





3. Experimental Procedures and Equipment 

The primary objective in conducting these tests was to 
verify the validity of the expression for the equivalent thermal 
resistance of the system, Eq.(13. It is generally accepted /3h- 


48; 1-8/ that the material and size of the specimen are limit- 


ing factors on the operating power level of the gage. The theoreti- 


cal results of Section 2 indicate that these variables have a 
relatively minor effect on the heat transfer mechanism of the 
system. More specifically, then, these tests were performed to 
determine the effects of the specimen size and material on heat 
dissipation. In addition, tests were made to determine the 
validity of the approximations leading to the reduced thermal 
Cirewie of Figure’ 3. These were the negligibility of lead wire 
effects and that of heat dissipation from tabs and exposed grid 
surfaces. Further tests were made to verify the effects of gage 
size on the combined thermal resistance and to determine the 
extent of the linear range of fractional resistance change with 
power level. 

The gages used for these tests were temperature compensated 
for stainless steel and are described in detail in Appendix II-A 
(p. II-1). They were bonded to square, flat plates of stainless 
steel in the 300 series and 202); alumimim alloy at the approxi- 
mate center of the plate surface with Eastman 910 adhesive. The 
installation procedure prescribed by Bean /10/ and Perry and 


Lissner /)2-l3/ employing cellophane tape and the "wallpaper 


ih 





hanging" technique was used to attach the gages and terminal 
strips. However, thumb pressure was applied for two minutes 
instead of the specified one minute because of a failure in one 
of the early applications. 

Leads were attached using Bean's "Tape Masking System" /10/. 
In the early tests AWG #22, solid, copper wire with vinyl insula- 
tion was used for the leads. A single strand of 22 gage stranded 
wire was used for the pigtail extending from the terminal strip 
to the gage tab. These leads were found to be very stiff and 
cumbersome and after a few terminal strips and gage tabs were 
pulled off a change was made. In all of the later tests AWG #28, 
stranded, copper wire was employed for connecting the gages and 
a single strand of this wire was used for the pigtail. The lead 
size used in each test is tabulated with the results of that 
test in Appendix III. 

As previously stated, one of the prerequisites for obtaining 
meaningful results is the assurance of a good adhesive bond between 
the gage and the specimen. Following the recommendations of the 
Eastman Kodak Company /2-2/ and Stein /l8-II.23.h0/ the gage- 
specimen systems were "baked out" in order to try to establish 
uniformity among the various installations. A Cenco-DeKhotinsky 
Constant Temperature oven was used. Temperatures were cycled to 
approximately 165°F at a rate of from four to eight hours per 
cycle. Several temperature cycles were made for each installation 
to accelerate curing, increase the bond strength and minimize 


thermal hysteresis. The number of temperature cycles prior to 
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each test is tabulated with the results. Electrical resistance 
versus temperature data were taken for a number of these cycles 
and are presented in both tabular (p. III-6) and graphical (p. 32) 
form. 

Two methods of experimental verification of the equivalent 
thermal resistance of the system were attempted: directly by 
temperature measurement and indirectly by resistance measurements. 
The same basic equipment arrangement was used for both methods. 

The test plate was supported, gage side up, by wooden dowels 
at each corner. The dowels, set into tight fitting holes ina 
base board, held the plate about eight inches above the board. 
This allowed sufficient space for natural convection from the 
bottom of the plate. 

An Ellis Associates! Bridge Amplifier Meter, Model BAM-=1 
/33h2-85/ was used to provide the basic Wheatstone bridge CircHHt, 
power supply and indicator. This instrument was selected primari- 
ly for its capability to provide steady bridge voltage at variable 
levels with the simplest of controls, a potentiometer. It may 
be used with gage currents up to 50 milliamps by adding batter- 
ies at external terminals. The bridge voltage may also be 
measured at external terminals. These features made it parti- 
cularly suitable for controlling gage current over a wide 
range. 

All tests were made with the power switch of the BAM-1 set 
at "2", This eliminated a 120 ohm internal resistor in series 


with the batteries and provided fer connection of two external 
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gages. Rather than use a dumriy gage which would compensate 

for the temperature effects in the test gage, a General Radio 
Decade Resistor, type #1h32-M, was used at a setting of 120 ohms. 
This is a high quality device and, according to the manufacturer, 
may be used as a laboratory standard for currents up to 80 milli- 
amps at 120 ohms. This limit is well above the current excursions 
in these experiments. 

The applied bridge voltage, V,, was measured at terminals 
A and B on the BAM-1 using a Weston d=c voltmeter, Model 931. 
Voltages were read on the 0-15 volt scale except for the runs to 
detect non-linearities. For the latter cases the applied voltage 
range was extended to obtain higher gage currents and the re- 
quired higher voltages were read on the 0-150 volt scale with a 
corresponding loss of accuracy. Since the BAM~-1 contains only 
12 volt bridge supply batteries, they were supplemented by the 
series addition of external batteries when the gage test currents 
so required. When an additional battery was inserted the circuit 
remained the same except that the gage connection was moved from 
terminal B on the BAM=1 panel, where the negative terminal of 
the external battery was now connected, to the positive terminal 
of the external battery, B'. (See Figure h, p. 27) 

The test gages were connected to the BAM~-1 and the decade 
box by the three-wire method /2-713 2h-11673 39-h7/, for most 
of the runs. This system was employed to compensate for any 
resistance changes due to temperature variations in the lead 


wires. In this manner, the observed temperature effects were 
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restricted to those considered in the theoretical analysis of 
Section 2. For determining the lead wire thermal effects the 
test gage was connected in the standard two-wire bridge arrange- 
ment. 

The direct method for thermal resistance verification is 
based on Eq. (3), from which 

Bel (S Toe o Rg (17) 
That is, the equivalent thermal resistance of the system is 
equal to the average temperature rise of the gage grid per unit 
power dissipated from the gage. Hence, the desired thermal 
resistance may be obtained for a given gage and operating level 
from measurements of the grid and environmental temperatures. 
Because of possible inaccuracies in measuring the required 
parameters, the thermal resistance would, in practice, be deter- 
mined as the average slope from a plot of the grid temperature 
rise versus gage power level for various values of gage current. 
The temperature of the atmosphere in the vicinity of the test 
apparatus was measured with a laboratory grade mercury thermo- 
meter, Cenco #19235-A. Determination of the grid temperature 
proved to be most difficult. 

It was expected that a measurement of the temperature at 
the approximate center of the exposed grid surface would yield 
a value somewhere between the average and the maximum grid 
temperature. Using this measured value in Eq. (17) with the 
corresponding gage current and electrical resistance would 
provide sufficiently accurate values for the thermal resistance 
of the system. 
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Baker /8-11.170/ states that, "Unfortunately, the procedure 
of measuring temperatures at interior points and extrapolating 
to the surface is almost the only unequivocal method for the 
measurement of surface temperatures, and it is not always 
possible to apply this method." It is definitely impossible to 
apply this method to the thin foil of the grid and quite imprac- 
tical to use it at any other location where a significant tempera- 
ture rise exists without completely disrupting the heat transfer 
mechanism of the ordinary gage installation. Some portable 
surface-contact thermocouples /8-11.176/ are commercially avail- 
able but these are either surface piercing types or cover too 
large an area and are not considered feasible for use in this 
case. This surface temperature measurement is further compli- 
cated by the fact that the temperature measuring device must 
be electrically insulated from the surface so as not to alter the 
current flow through the grid. 

In spite of the complications described above, it was de- 
cided to attempt to measure the surface temperature of the grid 
by thermocouple techniques. A basic, two junction thermocouple 
circuit /7-15/ was set up with the reference junction immersed 
in an ice bath. A Leeds and Northrup 47769) mill-detecting 
potentiometer was used as the indicating instrument. 

Two different detecting junctions were tried. The first 
was composed of 0.010" diameter iron and constantan thermocouple 


wires. These were butt-welded together to form the junction 
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using a Micro Products, Model J-E-S automatic micro-weld butt 
welder /7-l9/. The second was a Baldwin-Lima-Hamilton, Micro- 
Miniature Thermocouple, Type TCC=ES=50, possessing a beaded 
junction /7-l2/ of 0.001" diameter copper and constantan wires. 

For all of the temperature-recording runs, except one, the 
detecting junctions were coated with a thin film of varnish of 
the type used as insulation on electric motor windings. This 
was accomplished by dipping the junction into the varnish and 
allowing the excess to run off. Drying was completed at room 
temperature after 2h hours. The one exception was an iron- 
constantan junction to which Sauereisen Low Expansion Cement #29 
was applied in paste form and allowed to dry at room temperature 
for 2) hours. This cement is claimed by the mamifacturer to be 
an excellent heat conductor and to exhibit high electrical 
resistance. By these means the thermocouple junctions were 
electrically insulated in order that the electrical gage circuit 
would not be affected when the thermocouple was placed in contact 
with the grid surface. 

In all of the iron=constantan junction installations the 
thermocouple circuits were completed with the junction wires 
since the ieagttt of the leads were short and, in this manner, 
intermediate junctions with other materials (e.g., copper) were 
avoided. For two of the cases where the micro-miniature thermo-= 
couples cz used the interconnecting leads were 0.020" diameter 
copper and constantan wires. The remainder of the micro-miniature 


juntion installations utilized 0.010" diameter copper and 


ee 


- _— <—— 
—_> ss _ = 
- = aa = 
_——— = 
—— we _ mee ts A cami 
- _ ——— a = = 


aE 2 eS eS Se | ae = <A 


- —_— C= Ca te ee 6 ee wae 
See ee i 
™ « —e i: + ——— 
aS <= ») a — -_ — 
a a _~— = —~ 
LL ES awe =—-* # 
_— = 


—_> = «© - 


_ i <<< 


— Oe a a 
De =. 
7 - ————— =< P-caame. 
E> —_= 


—_ ©<. E> 
— 2 @ ie eae 
— ae << eee | 

——— =_— —- «eo = =. 


—_—— 2 ESE a? eee 
e—— oe Pe ee 
Ss ae > Sh Rls Geena ban 





constantan leads. A discussion of "Heat Transfer to the Ambient 
Via the Leads" is given by Baker /8-1.71/. His analysis results 
in an expression for the heat transferred to the atmosphere by 
the leads per unit time comparable to Eq. (I-16) (p.I-5 ). But, 
in Appendix I, this expression was the basis for obtaining the 
thermal resistance of the leads, Eq. (I=+17). Using (I-17) it was 
found that the iron=constantan pair of 0.010" diameter had a 
thermal resistance of 16)0°F per BITU/hr. Similarly, the copper- 
constantan pair of 0.001" diameter in the micro-miniature thermo- 
couple provided a resistance to heat flow of 32,600°F per BrU/nr. 
In the latter case, about one inch of these wires is sufficient 
to be considered "infinitely long" in the thermal sense. Hence, 
the microeminiature thermocouples should provide the more accurate 
data because of their high resistance to heat flow. 

For one run an iron-constantan thermocouple was taped to 
the plate with the junction in position on the grid. The entire 
plate surface was then covered by a plastic foam pad three inches 
thick. Another test plate of the same size was placed on top of 
the pad to press the thermocouple against the gage grid. In the 
remainder of the runs utilizing iron-constantan junctions the 
thermocouple leads were clamped vertically between rubber strips 
in a test tube clamp mounted on a laboratory ring stand about 
three inches above the detecting junction. The clamp was Lowered 
on the stand until the jue ion was in contact with the grid 


surface. Lowering was continued until a bow of one-half to one 
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inch was observed in the leads. The junction was then centered 
on the grid as accurately as visual observation through a magni- 
fying glass would allow. 

The micrc-miniature thermocouples were all mounted in the 
same manner. In these devices, the junction protrudes an extremely 
short distance beyond the end of a very small diameter stainless 
steel tube which houses the 0.001" wires. Above the tube the 
junction wires are attached to 0.010" pigtails of the same 
material. The pigtail connections and the upper part of the tube 
are then encased in a larger cylinder of ceramic material with 
the pigtails extending from the top surface. The ceramic cylinder 
was clamped vertically in a lucite block which was attached to 
the horizontal arm of a dial indicator stand. The junction was 
then lowered into position on the grid by the lead screw action 
of the arm to the point where perceptible bending of the junc- 
tion wires could be observed through the magnifying glass. 

An additional problem, common to all of these thermocouple 
installations, is that of thermal resistance at the contact 
between the junction and the grid. This subject is treated by 
Baker /8=-I.7/. He states that the coefficient for surface 
boundary comluctance over the contact area has been observed to 
vary from 150 to 15,000 BTU /nr-ft2=°F depending on the materials 
involved, the contact pressure, the smoothness of the contact 
surfaces and the temperature. Because of the wide range of this 
coefficient the possibility of determining an analytical ccrrec= 


tion for the measured temperature to account for this thermal 
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contact resistance appeared very remote. However, it was expected 
that careful scrutiny of the experimental data coupled with an 
approximate heat transfer analysis might result in a reasonable 
estimate for the correction. 

Another means of measuring grid temperature which would not 
involve physical contact with the strain gage is that involving 
infrared techniques /173233263h1/. Infrared radiometers and 
pyrometers have been developed to measure temperatures of about 
25°C and above. Ovrebo discusses these instruments /1~1636/ 
and lists some of their present applications. These techniques 
appear as if they might be well adapted to this temperature 
measuring problem. However, further discussion of infrared 
temperature measurement is beyond the scope of this study. 

It may be observed from the preceding discussion that the 
temperature measuring method of thermal resistance verification 
is not as "direct" as the theory predicts it to be when the 
encumbrances of experimental technique are considered. Because 
of these complexities, a second method of verification was 
attempted involving measurements of the electrical resistance 
changes of the gage due to the self-heating. The basis for this 


approach is Eq. (lL) which may be rewritten as 


AR. /R 
—2—2 = YR, - (18) 
Ty %g 


That is, the fractional resistance change of the strain gage is 
equal to the temperature coefficient of resistance of the gage= 
specimen system times the equivalent thermal resistance of the 


system. 
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The relationship between the numerator and denominator of 
the term on the left in (18) was shown by Campbell /15/ to be 
nearly linear for first stage self-heating effects in wire gages. 
The theory developed in Section 2 shows that both " and Ren are 
constants for a given gage installation. Therefore, it is anti- 
cipated that the slope of a plot of the fractional resistance 
change versus the gage power output would be nearly constant and 
equal to the product of W and Ry, calculated from Eqs. (12) and 
(13) respectively. 

The only equipment required for this resistance approach is. 
that which has been previously described as being common to both 
methods (p. 19). A schematic diagram of the strain gage test 
circuit for the three=lead gage connection with external bate 


teries is shown in Figure h. The resistance values for the 





Figure h 
Strain Gage Test Circuit 
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circuit elements are: 
a= 02 ohms, 


b = 10,000 ohms, 


c = 200,000 ohms, 
Ra = 120 ohms, and 
Rg us 120 ohms. 


The value of the applied bridge voltage was calculated from 
basic balanced bridge circuit theory using the equation given by 
the manufacturer /3-7/ for each gage current level desired. This 
value, Vz, was set on the voltmeter by means of the gain control. 
The amplifier was balanced to obtain a zero meter reading with 
the "BDG PWR" switch in the open position. After closing the 
switch the bridge was balanced by adjusting the "BRIDGE" poten- 
tiometer, c, until the meter indicated zero. The potentiometer 
reading was recorded to four places as the decimal fraction, x, 
of its resistance. The relative position of the "BRIDGE" wiper 
arm is indicated on the circuit of Figure h. The bridge voltage 
was held constant by monitoring the voltmeter and making minor 
adjustments with the gain control. 

Readings of the relative potentiometer wiper position, " 
versus bridge voltage, V,, obtained in this manner were recorded 
every ten minutes until at least two consecutive readings pro-= 
vided the same data. When this was achieved it was assuned that 
thermal equilibrium of the system had been attained. The wiper 


position data were then reduced to values of ARG/R, by the 
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method described below and plotted as a function of 16 Ro: The 
average slopes of the resulting curves were then determined, 
divided by 2 and compared with the calculated value of R,, for 
the corresponding cases in accordance with Eq. (18). The values 
of AR,/Rg; Ig Ra and the experimental thermal resistances as 
well as the calculated R's are tabulated in Appendix III. The 
plotted results for significant cases are also presented in 
Section h. 

It is to be noted that the BAM-1 was designed primarily for 
use as a deflection type indicator rather than a null indicator 
as employed in these tests. When used as a deflection type 
indicator the meter may be calibrated to read the fractional 
resistance change directly. However, the gain setting must re- 
main unchanged throughout the test run. Since, in these experi- 
ments, the gain control was used to vary the gage current, the 
null method had to be used. 

An analysis of the bridge circuit of Figure under balanced 


conditions as employed in the null detection method shows that 


the fractional resistance change may be expressed as 


g Rg 


2 
rs: xc + Pb = (xc) 4 (19) 


(M-N) xc + MN = (xc) 
where ¢ = b +c = 210,000 ohms, 


a+b = 10,02 ohms, 


M 
N 
M 


N = 199,598 ohms, 
P=a+tb+t+c = 210,02 ohms, 
MN = 2,184,120 ,000 ohms? 

P = b = 200,102 ohms, 
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Pb = 2,104,020 ,000 ohms“ 


and, 

x = fractional potentiometer dial reading. 
If the nominal resistance of the gage is used, R, /Ra = 1. Since 
the actual value of Rg may differ slightly from the nominal 
value due to manufacturing tolerances this ratio was arbitrarily 
set to yield zero resistance change for a gage current of two 
milliamps in each test run. The values of ARg/Rg tabulated and 
plotted in Appendix III were calculated from Eq. (19) under this 
premise. 

The second method of thermal resistance verification in- 
volving electrical resistance measurements, although theoretically 
less direct than the temperature measuring method, is seen to be 
much more direct in practice even though the data reduction scheme 
might appear somewhat tedious. This approach was selected for 


thermal resistance verification after it was found that the 


temperature measuring scheme did not provide meaningful results. 
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i. Discussion of Results 

Following the procedures of Section 3 many tests were per- 
formed in an attempt to verify the analytical conclusions of 
Section 2 and, in so doing, to confirm the validity of the approxi- 
mations which led to those conclusions. The experimental results 
and some of the more specific details of the tests involved are 
presented in Appendix III. Some of the test results are given in 
graphical form in this section. These curves were plotted 
from typical experimental results selected to demonstrate the 
effect of particular influences on gage performance. A discussion 
of these curves including correlation between the predicted and 
experimental effects of the system variables will be found in the 
ensuing paragraphs. 

The fractional changes in electrical resistance of the 
gage due to elevated oven temperatures for several of the uniform 
heating cycles are listed in Table III=-1 (p. III-6). A graphical 
presentation of the results from three of these temperature 
cycles is given in Figure 5 (p. 32). Comparison of the first 
and third cycle curves for gage lA* on stainless steel shows 
the necessity for thermal cycling to obtain the desired tempera- 
ture compensation. The theoretical temperature coefficient of 
resistance for gages operating under these conditions is shown 


to equal zero in Appendix III (p. III-=1). Except for minor 


*The letters following the gage numbers indicate different 
gages of the same numbered type. 
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oscillations this is shown to be true by the third cycle curve. 
The third curve plotted in Figure indicates the resistance 
variation with temperature for the fifth heat cycle of gage 1D 
attached to an aluminum plate. This curve is seen to be nearly 


linear with a slope of 6.6 4 per °F. As determined in 


Appendix III, the predicted slope is about 64 per °F. These 
curves, then, show that the analytical expression for the tempera- 
ture coefficient of electrical resistance provides a reasonably 
accurate prediction of its magnitude. 

Figure 6 shows the variation of the temperature rise at 
the thermocouple as a function of the power dissipation level of 
the gage for several of the attempts at verification of the 
system thermal resistance by the temperature measuring method. 
nese Ledes are discussed in detail in Appendix III. The results 
from which the curves were plotted are listed in Table III-2 
(pi. eae It may be observed from the figure that the tempera- 
ture rise becomes non-linear as the power level of the gage is 
increased. This effect is attributed to the temperature depen- 
dence of the physical properties of the materials inveutiedt 
From Eq. (17) 
Ri, = ST, i R, - 
Hence, the slope of these curves would represent the equivalent 
thermal resistance of the system if the measured temperature 
rise was actually that of the gage grid. The slope of the linear 
portion of each of the curves plotted ne determined and listed 


in Table III-2 along with the analytical values for the system 
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thermal resistance from Table II-8. It is immediately evident 
upon comparing the two sets of values that correlation is 
conspicuously lacking. From the discussion of Appendix III it is 
apparent that the thermal contact resistance between gage grid 
and thermocouple junction is the most significant reason for the 
discrepancies observed. No means of determining reasonable 
corrections for the measured temperatures to account for this 
resistance could be obtained. As a result the temperature measur- 
ing approach to system thermal resistance verification was aban- 
doned. 

The electrical resistance measurement method for determining 
the system thermal resistance provided the results. from which 


the curves of Figures 7, 8, and 9 were plotted. Based on Eq. (18), 
AR, / Ra 
Rth * —_ /" 9 
9 9g 


the theoretical and experimental values of the system thermal 
resistance were determined as described in Appendix III. These 
values are listed in Tables III=2 and III=-3 (pp. III-7, 8, and 9). 
General discussion concerning comparisons of the analytical and 
experimental values of these resistances will be found following 
the discussion of the more specific results demonstrated by the 
curves. 

In Figure 7 the curves show the fractional electrical 
resistance change of the gage versus the gage power level for 
Runs 7, 8, and 12. These markedly demonstrate the non-linear 
behavior of the system when high gage currents (high power levels) 


are used. It may be observed that non-linearity commences at a 
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much lower power level for the smaller gage (1A in Runs 7 and 

12) than for the larger (2A in Run 8). The curves for Runs 8 

and 17 show the difference in gage performance which may be obtain-~ 
ed between gages of the same type attached by the same technique 
to plates of identical material. The most significant effects to 
which this difference may be attributed are the thickness of the 
adhesive layer bonding the gage to the specimen and the degree of 
cure of the adhesive. This inconsistency is further demonstrated | 
by comparing the curves for Run 7 with Run 12 and Run 17 with 

Run 31. Both pairs of curves include test runs performed before 
and after several thermal cycles in an oven. The first pair 

shows a marked difference between the resistance indications 
observed while the second shows almost no change at all. These 
curves of Figure 7 are included primarily as graphical examples 

of the problems encountered in trying to accurately predict strain 
gage performance. 

The expression for the equivalent thermal resistance of the 
system developed in Appendices I and II is based on the approxi- 
mations that neither the leads nor the exposed surfaces of the 
gage grid and tabs provide paths for appreciable heat dissipation 
compared with the path through the gage backing, adhesive and 
specimen. The tests designed to demonstrate ene ediaity of 
these approximations are described in detail in Appendix III 
(p- III=),). Figure 8 shows the results of these tests. Runs 12 
and 13 were made under the same conditions except that different 


size leads were used in each case. The maximum difference 
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between the two curves is about 20 “=. For a gage factor of 


2 this amounts to an apparent strain of 16 Agee which is negligible 





in most strain gage applications. Another set of tests showing 
the lead wire effects on the heat transfer mechanism is given by 
the curves for Runs 1 and 2. Except for the different: gage 
connection circuitry as noted on the figure both runs were made 
under the same cantitioncs The difference between these two 
curves is less than that for the curves described above. Fgh 
these results it is concluded that neglecting the lead wire 
effects was a valid approximation. The plotted results from 
Runs 22 and 23 for the gage facing upward and downward respece- , 
tively indicate a negligible difference in apparent strain due 
to heat dissipation from the exposed surfaces. Hence, this 
approximation also appears valid. 

The curves shown in Figure 9 (p. 0) indicate the effects of 
some of the other variables involved in the determination of the 
system thermal resistance. Runs 35, 38, and 39 demonstrate the 
minor effect of specimen surface area on the electrical resis-= 
tance change and hence on the thermal resistance of the system. 
Comparing Runs 19 and 38 shows that the effect of plate thickness 
might be appreciable. Similarly, Runs 25 and 33 show that the 
effect of specimen material on the thermal resistance might also 
be appreciable. However, hidden in these latter two comparisons 
are the effects of adhesive and gage backing thickness and their 
conductivities which nay vary from one installation to another. 


It can be shown from the calculations of Appendix II that the 
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thermal resistance of the system might vary by about 0% due to 
these effects. Unfortunately, the same gage installation cannot 
be made on specimens of different thicknesses or different 
materials to isolate these effects. Overriding all these effects 
is that of the grid size as shown by the difference between the 
curves for Runs 25 and 38. It may also be noted from Figures 

8 and 9 that the experimental slopes for the Te gages are 
much steeper than that for the largest gage. Thus, even though 
the effects of specimen material and thickness might be appreci- 
able in themselves, eis fractional contribution to the overall 
thermal resistance of the system becomes less significant as the 
grid area decreases. 

Examination of the calculated and experimental thermal 
resistance listed in Tables III=2 and III-3 shows that the experi- 
mental values range from about 10% above to 60% below the computed 
values. EReianas the results of tests performed with gages 1A 
and 1C the 60% value drops to about 30%. One explanation for the: 
poor results from gage 1A, which provided the worst correlation, 
is that in the tests to demonstrate nonlinearity as shown in 
Figure 6 the maximum permissible gage temperature, specified by 
the manufacturer as 200°F, was probably exceeded. As previously 
stated, this would weaken the bond between gage and specimen. 

It appears that the weakening was permanent for this case and 
that the results of following tests with this gage might be 
questionable when compared with similar tests of other gages. The 


results with gage 1C can not be explained in this manner. 


hl 


“> 7 





It is seen, then, that although the thermal resistance cal- 
culated from Eq. (13), or Eq. (1) for the smallest gages, does 
not correspond exactly with the experimental value, its use in 
Eq. (15) would provide a reasonable estimate for the grid tempera- 
ture corresponding to a given gage current. As shown by the 
discussion above, these temperature values would be conservative 


in most cases. 
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S. Conclusions 


Based on the analytical results of Section 2 and the experi- 


mental results of Appendix III as discussed in the previous 


section, conclusions regarding the temperature rise of the gage 


grid due to self-heating effects in very small resistance strain 


gages may be listed as follows: 


(a) For the smallest gages the gage power dissipation per 


(b) 


(se) 


(d) 


unit grid area is the dominant factor in predicting 

the steady-state grid temperature rise. 

For the smallest gages the thermal resistance of the 
system is almost completely attributable to that of the 
gage backing and the bonding adhesive, and is indepen-~ 
dent of the specimen size and material. 

In general the lead wires and theexposed surfaces of the 
gage grid and tabs provide paths for an insignificant 
fraction of the heat to be dissipated. 

In general the primary mechanism for self-heat dissipa- 
tion from the gage is by conduction through the gage 


backing, bonding adhesive and specimen. 
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APPENDIX I 


DEVELOPMENT OF THERMAL RESISTANCE PARAMETERS 


1. Resistance to Heat Flow from Gage Grid to Tab (R, ) 


Figure I-l 
Sketch illustrating nomenclature for heat 
conduction in a single conductor with internal 
heat generation. 

For a oo electrical conductor of rectangular geometry, 
as shown in Figure I~-1, and insulated from its surroundings in 
the y and z directions it can be shown /33-l1/ that the 
temperature variation with length due to an electrical current 
passing through it in the x direction is: 

Tet; * (QL? /2k) a(x) O<A)?| (I=1) 
wheres T is the local temperature, 
q is the heat generated (to be dissipated) per unit 
volume and time, 
L is half the length of the conductor, 
k is the thermal conductivity of the conductor, and 
x is the position relative to the end of the conductor. 


Taking the derivative of =r) with respect to x and equating 


to zero yields the maximum temperature location at the mid-length 


I=1 





of the conductor (at x =L). Letting T,, Toe» thet 
To -T, * ql°/2k. (1-2) 
But q=q/A, (I-3) 


where: q, is the heat flow rate from mid-span to the end 


of the conductor, and 


Ae is the cross sectional area of the conductor. 
Then TO <T, q, L/2kA : (I-)) 
Also R= 2eL/Ay @i-5) 


where: R is the electrical resistance of the conductor and 
loa is the electrical resistivity of the ceiauctorw 
material. 
Eliminating A, from Eqs. (I=) and (I-5) yields 
To -T, =G R/lek (1-6) 

Considering the gage grid to be of uniform cross section and 
Rerocched out forming a straight conductor of this type it is.* i 
asserted that, as a first approximation, the thermal acne 
between the point of maximum grid temperature and that at a 
gage tab is, from Eq. (1-6), | 

Rhee = Te)/ Guha / eek (=D) 
where T, is the maximum grid termperature 


Tes Ups and R, as defined in Section 1, 


g 
Pg is the electrical resistivity of the gage material, and 


Ky is the thermal conductivity of the gage material. 


Note that Ry 


difference between the maximum grid temperature and the average 


» as determined by Eq. (I-7), is based on the 


tab temperature. The value of R, to be used in the circuit 
of Figure 2, however, is based on the difference between the 


I[~=2 





average grid and tab temperatures. It is necessary, therefore, 
to define a coefficient, C, such that 

( ST,) 7 ae = Cm (1-8) 
where C is based on the relationship between the maximum and 
average temperatures of the gage grid. 

Again considering the grid as a straight conductor, a com- 

bination of Eqs. (I-1) and (I-2) vieiee 

i les gas = ry, [2(x/) = (x/.)? | (I-9) 


The average value of this distribution may be determined from 


2 
Tee 
fEew 
0 





> 2 
e 3 (I-10) 
4(Z) 
L 
oO 
This value may be recognized as the ratio of the average to 
maximum value for a parabolic distribution. Hence, for the 
straight conductor 
= 2 
a I taal 1) ° (I-11) 


Further, it is asserted here, and shown by the calculations of 
Appendix II, that T,=T. whence 


= 82 
Wem es Jc (I~12) 


Combining Eqs. (I-7), (1-8), and (I-12) shows that 


é 
5 
Then, from (I-7) and (I-13), the thermal resistance based on 


C= or Ry = z Ri (T=23) 


the average grid temperature is 
= ha) Canmeer , (I=1h) 


reas 





In actuality, the periphery of the conductor is not insulated 
and heat is dissipated through these surfaces. However, this 
additional heat dissipation is accounted for in the surface and 
specimen paths of the circuit. Hence, the assumption of an in- 
sulated conductor for this particular heat path appears valid. 

The major discrepancy introduced by use of this straight 
conductor approximation is that in the actual case, with the 
grid in its "folded" configuration, there would be thermal inter- 
action between the filaments of the grid involving all three 
modes of heat transfer. However, because of the minute geometry 
of the grid and the smalltemperature differences between 
adjacent filaments it is expected that these effects are minor. 
Therefore, it appears safe to assume that the average temperature 
of the gage grid is closely approximated by that of the straight 
conductor. 

Further, for the particular case of determining Ri s it will 
be seen, from the calculations in Appendix II, that the magnitude 
of Ry from Eq. (I-1h), relative to the other parameters of 


the system, is such that this discrepancy is inconsequential. 


I=) 
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2. Resistance to Heat Flow Through a Lead Wire (Ro ) 

Considering the lead wire as an nips ey long, rod-type 
fin with a source temperature equal to the average tab temperature 
(T,) it can be shown /33~l7/ that the heat removed from the tab 


by the lead, per unit time, is 
qe ™ fini Pu. &. (T, = Ts) (I-15) 
wheres h!' is a combined heat transfer coefficient including 
conduction through lead insulation and convection 
from the surface, 
Ps2tr; is the perimeter of the outside surface of the 
insulation, 


k is the thermal conductivity of the conductor material, 


C 


Av=ore is the cross sectional area of the conductor, 


r is the outer radius of the insulation. 


C 


Then, 


1 


Degg 1 é 
rr a Sa 


And, from basic linear heat flow theory /33-35/, 


1 
ht = SCCECIN TIFT (1-27) 


where h is the mean heat transfer coefficient for the outer 


insulation surface,” 


K; is the thermal conductivity of the insulating material, 


*Convection, as used throughout, is composed of natural 
convection, radiation and surface resistance (scale, etc.) such 
that the local heat flux across the surface is h(T=To ). In 
actuality, then, h is a combined heat transfer coefficient for 
the surface. 


1-5 





Since the leads are not of infinite length a correction can be 
made /33-9/.such that 
Ty (finite) = dy (infinite) tanh mJ (I-18) 


where: 





_ [BPP i 
m =/T—7 co) 
cc 


Q is the length of lead in feet. 

It will be seen from the calculations of Appendix II(p.II-h) 
that, for typical leads, m has a magnitude such that tanh mf = 1 
for leads of approximately one foot or more in length. Hence, 
the assumption of infinitely long leads is valid for this case. 

It is to be noted that this development does not include 
any local effects at the soldered junction between lead and 
tab (or lead to terminal strip to pigtail to gage tab in those 
installations where terminal strips are used). This was original- 
ly omitted for the sake of simplicity and not added later since 
the entire lead resistance term is shown to have little effect on 


the overall system. (See Appendices II and III.) 
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3. Resistance to Heat Flow at Exposed Surface 
(a) From Gage Tab (R.) 
From basic heat transfer theory /33-14/ assuming that 
the tab is at uniform temperature and that the area of 
the heat transfer surface is that of the tab, the rate 
of heat transfer by convection between the surface and 
adjacent air is 
qos ha, Gr = Too ) (I=19) 

where h, T;,, and Teoare as previously defined and A, 
is the surface area of the gage tab. 
Then T, = Toe 

Rs ® aCe e FA, ° (I=20) 
It has been found from measurements on several gages 


that a fair approximation for the area of one tab is 


it 
A = 5 (Ag = Ag) (I-21) 
where: Ay is the overall area of the gage including 
tabs, and 


Ag is the area of the gage grid excluding loop 
ends of the grid filaments. | 
The assumptions made in obtaining this parameter, R., 
appear to be justified for the same reasons as stated 
in the last paragraph of Section I-2 for the lead 
resistance. 
If there is a layer of material covering the tabs 


(€.Gy paper, epoxy, waterproofing compound) a resistance 


parameter similar to those developed in Sections I-) and 


1-7 


(b) 


I-5 (below) involving tab area, covering thickness and 
thermal conductivity of the covering material must be 
added in series with R.. This resistance would appear 
at the left of R, in Figure 2. 

From Gage Grid (R,) 

Considering the gage grid as a plane surface of area Ag 
equal to the product of Glee leugeh by grid width (as 


defined in Appendix II) and at a uniform temperature 


T. this parameter may be obtained in exactly the same 


(e) 


manner as that for the tab.. Hence, 


= = Tens 1 
a qn hs (I-22) 





If a gage covering exists additional resistance must 
be included in series as above. 

The assumption of a plane heat transfer surface of 
area Ag may be justified by taking into account the 
fact that the actual heat transfer surface includes the 
sides of the gridfilaments as well as the top and sides 
of the loop ends. This additional area could be con-~ 
sidered to fill in the spaces between the upper faces 
of the grid filaments, thus completing the area such 


that A, equals gage length times grid width. 


g 
The uniform temperature, ts) shown in equation 
(I-22) is the average temperature developed in Section 


I=1 and shown on the schematic diagram of Figure 2. 
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li. Resistance to Heat Flow through Gage Backing Material 
(a) Under Gage Tab (R,, ) 
Utilizing the assumptions of Secticn I-3(a) and con~ 
sidering linear heat flow, the rate of heat conducted 
through the backing, from basic theory /16=23 33-11; 


lm2/ is ~ Ky At (Ty ‘i Te) (123) 
Ip dp 


where A,» T, ,and Te are as previously defined, Ky 


_is the thermal conductivity of the backing material 


and d;, is the thickness of the backing material. 


Hence, T, = T d 
t me <, b 
Rot ~ db _ RS Ay (I=2h) 


(b) Under Gage Grid (Rig) 
Based on the assumptions of Section I=3(b) the 
backing resistance under the grid is obtained by the 


procedure given above for the tab. Thus, 


Ry 2 ose Sr (1285) 
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Resistance to Heat Flow Through Bonding Adhesive 


(a) Under Gage Tab (Ro) 


Following the same argument as in Section I-h(a) 


eee alm 


a oe = a = 
Rae a, Ry (I-26) 


where A,» Toys oe ale as previously defined, qd. is the 


thickness of the adhesive and K is the thermal conductivity 
of the adhesive. 


(b) Under Gage Grid Cee 


In the same manner 


Teas 1 d 
cg a kK Aq (I-27) 


with all parameters as previously defined. 
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6. Resistance to Heat Flow Through The Specimen and Its Surfaces 
(a) Under Gage Grid (Rog) 

An exact analytical solution of the heat transfer 
problem involving a very small (geometrically) heat 
source on the surface of a metallic specimen would, 
at best, be most complex. Such a solution may be obtained 
by various means from material presented in the litera- 
ture. /1l3 163 193 213 223 313 333 hhs h63 h9/. However, 
the object of developing these thermal resistance para- 
meters was to establish a relatively simple relation= 
ship between gage temperature and gage current which may 
be used without excessive calculations. In addition, it 
will be seen from the calculations of Appendix II that 
the magnitude of the thermal resistance obtained from 
the following derivation, relative to the other signifi- 
cant parameters of the system, is such that a good deal 
of latitude can be tolerated without serious overall 
effect. Hence, the procedure used is considered adequate 
for the purpose. 

Several tests were made using an electric solder= 
ing iron as a heat source at the center of the upper 
surface of a horizontal, square, flat plate, analogous 
to the gage installation. The iron was insulated so 
that only the tip, which had about the same contact 
area aS a gage, was exposed. This method provided a 


much greater heat flux than the gage and resuited in 


T=11 
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higher temperatures throughout the plate which made 

the temperature variation on the surface more discern~ 
ible. It was found that the temperature distribution 
on both the upper and lower surfaces exhibited very 
little angular dependence and that, beginning at a 

short distance from the center, the top and bottom 
temperatures at a given radius were approximately 

equal. Based on these findings, the heat transfer 
model illustrated in Figure 1-2 was devised to represent 


the gage installation. 


Figure I=2 
Analytical model for approximate heat 
transfer analysis of a flat plate with 
a small surface source. 
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In Figure I=2 the heat conducted from the gage 
grid is considered to flow vertically downward through 
a small hemisphere of radius Tg» the equivaient radius 
of the gages then radially from the small hemispheri- 
cal surface to one of larger radius, t, equal te the 
plate thickness. At this point a transition is made 


from the spherical to cylindrical geometry. The 


I=12 








hemisphere of radius t is replaced by a cylinder 
having the same volume and depth. The temperature of 
the bottom and lateral surfaces of the equivalent 
cylinder is assumed to equal that of the curved sur- 
face of the original hemisphere. Then, in cylindri- 
cal coordinates, the heat flows radially from the 
periphery of this inner cylinder as in a circumferen- 
tial fin. The heat paths described above are modified 
near the surfaces because of convection from the exe 


posed faces. 





Figure I=3 
Schematic Diagram of Steady State Heat 
Transfer Mechanism Through Specimen 


Figure I=3 is a schematic diagram of the heat 
transfer "circuit" for this subesystem. The nomen= 
clature of the figure is defined below in conjunc] 
tion with the derivations of the individual thermal 
resistance parameters of the sub-system. 

The first component of the sub-system to be 


investigated is the small hemisphere directly under the 


I=13 





gage grid with a radius equal to the equivalent grid 


radius, r Considering heat flow to be in the Zz 


ol 
direction only (See Figure I-l) from the isothermal 


= on top to the isothermal 


hemispherical surface at temperature T. at radius r 


plane at temperature T 


Ge? 


the general conduction equation in incremental form 


becomes 
k (20%r dr)(T_-=T_) 
dq. = = ( 1-28) 
Pp 
% fq = 


where: Ip and T... are as previously defined, 


Pg 


T. is the temperature of the hemis- 


Ss 


pherical surface, 


if Ky is the thermal conductivity of the 
specimen material, and 


Figure I=) rg * \f Agfr is the equivalent radius 
Sketch illustrating 
nomenclature for linear of the gage grid. 
heat flow through small 
hemisphere. 


Integrating both sides over the surface yields 
= T = T ork r rs) —) 
dpe (T gee'T g) one (I-29) 
The assumption of an isothermal curved surface 
leads to a temperature discontinuity at the intersece 


tion of the upper plane with the surface. However, 


because of the manner in which these temperatures are 


ot is the average temperature of the plate surface under 
the gage. The actual temperature is higher at the center than 
at the edges thus requiring a longer conduction path to be de-= 
creased to To. 


To1) 





used in the following steps and in view of the other 
approximations employed, this discontimiity can be 
acewaurd as having little effect on the overall para- 
meter. The thermal resistance of this part of the 


model is then defined, from (I-29), as 





ae 


Ry = PE hc a ( I-30) 
Next, the form for the thermal resistance 
of the material between tq and t is obtained 
by considering that all of the heat flows 
radially through concentric hemispherical 


shells of incremental thickness (Figure I-5) 


For this case the conduction equation becomes 


Figure I=-5 
Sketch illustrating q. = -k (2% r°) aq, (I=31) 
nomenclature for P P dr 
heat flow through con- 
centric hemispherical 
shells. 


Separating variables and setting up the integrals 


: F 2 wrk Th 
E Ip 

uv 

Fe S 


wheres t is the thickness of the specimen, 
ee is the temperature of the hemispherical 
surface at radius t, and all other para- 

meters are as previously defined. 


from which 


ter ot 
ae 


trg 


de = hee (I=33) 





Defining the resistance of this section as 
T-15 








it #2 ter ter 
r Tp wilh ar 6 


then the total conductive resistance to this point is 


T.-T 2ter 2ter 
+ Rs _pg oh = - i ( I-35) 
Rn r qn Rn => Ur kik ag tq 


Note, from Eq. (I-35), if 2t rg 

he + RoR. (I-36) 
for conduction alone. Also note that because of the 
convection from the upper surface of this hollow 
hemisphere all of the heat does not flow all the way 
through the shell. Denoting the heat which does flow 
through the shell as q,, the resistance of Eq. (I-3h), 


compatible with Figure I-3, is 


a ey 3 g 2 
% " trier, imc (ot (I-37) 


As previously described (p.J~12) ,the transition 





Rr = 


from spherical to cylindrical geometry is now made 
by replacing the hemisphere discussed above. with an 
equivalent cylinder of the same volume and depth. For 
this inner cylinder | 

Volume = Smre3 = ret ; (I-38) 
from which the radius of the equivalent cylinder is 
‘ae 

Next, considering radial heat flow in the outer 


hollow cylinder the conduction equation takes the form 


Chip a K(2% rt) _ ° (I-39) 


I-16 





Separating variables and setting up the integrals 


ie ry 
ot RI ts (1-0) 
Trp Tr WE ; r 


Th 
from which the conductive thermal resistance is 


i =! 
h Ln (IT-h1) 


Te Ba rT ey cee 


where: orp = VA, /tr is the equivalent radius of 


Rey 





the plate, 
Ay = the area of the surface on which the gage 
is attached, and 
le is the temperature of the surface at the 
outer periphery of the plate. 
The heat dissipated per unit time to the atmosphere 


from the outer edge of the specimen is given by 


qf *™ h(2mrpt)(Te-Te)- ( I-)2) 
The thermal resistance at this surface is then 
R fs (I-13) 
€ Tt 2thr it ° 


The total resistance of the Tek leg of the circuit in 


Figure I-3 then becomes, from Eqs. (I=-l1) and (I-l3), 
r 
ingot ie <= 


v2/3t l h © 
Rek * Re" park — * Dehee Gy CU 





whence 
2M@hk tr 


q k = ile. oo 9 a r : (I=)5) 
Kk, thr in ee 
P 2 


(2/3 t 
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The heat dissipated from the upper and lower sur- 
faces of the fin portion of the specimen is obtained 
next. Assuming that both faces have the same tempera- 
ture distribution and the same surface coefficient 
of heat transfer, the convection equation, in incremen- 
tal form, is 

dq, = 2h(2mr dr)(T-Te ). (I-16) 
Since both surfaces are being considered in (I-l)6) the 
right side has been multiplied by two. The tempera- 


ture distribution for this region is obtained in the 


same manner as T, in (I-h1) such that 





ln S 
T=T _Vvefst , enn) 


h~ Tex OT het 
Pp 
Using this function in (I-l6) 


eC ln 
p lo 73 
q = harh Th ~ ies ai tate 2/3 L rude (I-18) 
fh emk.t 
(273 t 








Carrying out the integration yields 


2 


2 
Gen = 2TH(T, ~My) (45 - § t*) 


h 2 a 1 5 2,2 
=a 7 (| Tp in meee (TS eee € . (I=h9) 
fk Kt aa 5 a: 


Then, inserting Tek from (I=)5) the heat dissipated 


from these faces becomes 


T=18 





_ | tp In ake - Fre - St) 
Yr Kp 
. {2/3¢ i hr, 

(I-50) 


Hence, the combined thermal resistance of both the 


upper and lower surfaces is 


Rey = th - Teo 
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(I-51) 
Yet to be obtained are the thermal resistances 
of the upper and lower surfaces of the central 
cylinder. Since it was previously assumed that the 
bottom face of the central cylinder is at tempera- 
ture Ty; the heat flow rate from this surface is 
simply 
Gb 7 n(SMre*) (Tp Teo ) (I-52) 


from which the corresponding thermal resistance is 


spol. ==. 
Rb dhe 2 Gabe) 


On the upper surface heat is lost only from 
the area between rq and 2/3 t since the heat 
source (gage grid) covers the area within the 
radius Tg The heat dissipated from this area, 


obtained in the same manner as that from the fin 


surfaces, is 
T=19 








= - Ze oe a = mie hice. 2 7 1 
Lhe mh (Ts ~ Too )¢ gt -%)-% en it 5) - 
(1-5h) 
From Figure I-3 it can be seen that q; may be 
obtained by dividing the temperature drop T. ~- Tg 
by the combined resistance of R_; Rip Rene Ro? and 
Ren: The equivalent resistance for the combination 


of all these except Re is 


_ Mt i 
Ree 7 4 + = a re Side tt 
Rap Reg + Re Rep 


: (I-55) 





Taking R,, from (I-53), Ren from (I=1), R, from 
(I-l3) and Rp, from (I-51) this equivalent resis- 


tance becomes 


af kk 
, he + ott (1-56) 
one _Kp Ye _ +" Vp Kp 
2th | He (rp +t) + A (1+ In Tet a a) 
Then, using R, from (I-37) and Ro, from (I-56) 
Teale 
= $s 

ai R, + Reee (i 57) 


and 
die = Th (Te To) f($t* - 9) 
(I-58) 
(8-9) [areata 
3 Vo] 1 +(yA2rktr 1-1) 
from which 


(I-59) 
Re = ae Am A 
Ss on ny 





(b) 


Having established the expressions for all of 
the individual thermal resistance parameters of 
Figure I-3, the resistance to heat flow through the 


specimen under the grid, R is their combined 


pg’ 
equivalent. AS previously stated, the total resis-~ 
tance of the q leg is the sum R, + Ragppe The 

calculations of Appendix II show that the magnitude 
of Ry, is such that the heat flowing in the Ant leg 
is practically negligible. As a result, a good 

approximation for the equivalent thermal resistance 


of the sub-system is simply the sum R, + R, + Reomb- 


Hence, from Eqs. (1-35) and (I-56), 


Rpg F: ley la - Rm + Rr + Rosie 
\ (I-60) 
In ——e— + —2- 
= 2¢ = 4 + as hYp 
sores 2rh| eC +t) + -£ (1+ hae fey] 


Because of the geometry of the specimen used 
as a model for this development, use of the thermal 


resistance, R from (I-60) is restricted to those 


pg’ 
installations on flat plates where the gage is 
mounted near the center of a relatively large sur- 
face area. 
Under Gage Tab (Rpt) 

Since the gage tab is approximately at the 


same location on the specimen as the gage grid, the 


same procedure may be followed to obtain the 


> 


I=21 








resistance of the specimen for heat flow from a 
gage tab as that developed above for flow from the 
gage grid. In this manner, with r, now as the 


source radius, 


so let -oTee ot ~y,; 
Ret ee a, (1-61) 


where Ro. is identical to that of the previous 
section and is exhibited as the last term of (I-60). 
Use of Rot from (I-61) is subject to the same 


restriction as Rog from (I-60). 
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APPENDIX II 
CALCULATION OF THE COMBINED THERMAL RESISTANCE OF THE HEAT 


TRANSFER SYST EM 


To determine the magnitude of the thermal resistance of 
the entire system the individual parameters developed in 
Appendix I must be evaluated and appropriately combined. These 
calculations are made herein and lead to approximations which 
result in a reduced thermal circuit for obtaining the combined 
thermal resistance. The overall resistance is then calculated 
from the reduced circuit for the gage-specimen combinations 
employed experimentally in attempting to determine the validity 
of this expression for the combined thermal resistance of the 
system. 
A. Strain Gage Properties and Dimensions for use in Calculations 

The resistance strain gages used for the experimental 
verification were manufactured by Micro-—Measurements Inc., Romulus, 
Michigan. The three types selected were the three smallest | 
sizes offered in a series possessing similar grid and tab 
geometry. Each gage consists of a single constantan etched 
foil grid mounted on a flexible epoxy backing. No gage covering 
was utilized. Some pertinent gage properties and dimensions, 
listed in Table II-1, are used in the PAietiedions that follow. 
Gage length, as specified in the table, is the length of the 
grid filaments only. Overall length includes the addition due 
to the solid loop ends which connect adjacent grid filaments. 


Overall width includes the gage tabs whereas grid width is the 
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distance between the outer edges of the outermost grid filaments. 
Overall gage thickness, by mamufacturer's specification, is 
0.0012 + 0.0002 inch and the flexible epoxy film is approximately 
0.001 inch thick. 


TABLE II-1 


STRAIN GAGE DATA 


Gage Number l 3 





M-M Type EA-09=01S5EH | EA=09-031EC | FA~09~-062ED 
-120 =120 

Electrical Resistance, 

Rg (A) 120 + 0.6 120 + 0.) 

Gage Factor, F 1.98 + 1% 2.0) + 0.5% 

Gage Length, & (in) 0.015 0.062 

Grid Width, w, (in) 0.020 0.063 

Overall Length, &, (in) 0.025 0.076 

Overall Width, w, (in) 0.100 0.190 


Grid Area, A, = Sw 
g g 9g 0.300 3.91 
(in? x1073) 


Overall Area, A, 

a 2.50 Dei 
(in? x10 3) 
Number of Grid Filaments 17 19 ZA 


Measured Tab Area, A. 


Approximate Tab Area, At 


from Eq.(I-21)(in®x1073) | 9/33 1.63 3.50 


Equivalent Grid Radius, 
ae a | g/tr (in) 0.00977 0.0178 0.0352 


Equivalent Tab Radius, ~ 
r= a, fr (in) 0.019 0.0228 0.0350 
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B. Evaluation of Individual Thermal Resistance Parameters 

The magnitude of each of these resistances is determined 
below in the order in which the parameters were developed in 
Appendix I. To obtain these values the applicable properties 
and dimensions were inserted into the expressions of Appendix 
I together with the appropriate constants for compatibility of 
units. 

1. Resistance to Heat Flow From Gage Grid to Tab (R, ) 


This parameter is evaluated from 


R, RG Pgk ‘ (I=1),) 


Using: Rg = 120 ohms, 


Po ™ 18.5 micro-ohm~inches, and 


a 1) Bru/hr-ft-F , 
then 
oO 
. 12 (120) oo 
= 926,000 
b  6(28.5 x 107°) (1h) Bru/hr 


The value utilized for Rg is the nominal resistance of 
the gages employed experimentally (Table II-1). That 
of Pg is an average of several values for the electri- 
cal resistivity of constantan /36~1130330-2353, 23553 
38-155/ over the temperature range from 20°C to 100°C. 


That of k, is also an average of several published 


9g 
values for the thermal conductivity of constantan 
/36-55 , 11303 30-2218 39=.9/ over the same temperature 


range. 
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Resistance to Heat Flow Through A Lead Wire (Rp ) 


This resistance is calculated using 


Rp = 1 /orr, yeh'kyr; (I-16) 
and { 
ho=  _ 4 ri In (ri7re) 
h a k; (I-17) 


In some of the early tests AWG #22 solid copper 
wire with vinyl insulation was used. For this 
wire the following properties and dimensions apply: 
ie, # 0.0125 in r; = 0.0215 in 
kK, = 226 BrU/hr-ft-°F ky = 0.089 BrU/hr-ft-°F 
where k, and k; were obtained from the "Materials 
Selector" /1h-110,197 respect ively/. The surface 
heat transfer coefficient, hb. Gee in the range 
between 1 and 5 Bru /nr-ft°=°F for natural convection 
/33-15/. Arbitrarily taking h = 2.00 BIU/nr-ft2—°F 


h! «we ee ale oe = 2.01 ; BTU 


0.500 — 2.0215 {n(0.0215/0.0125) sr ft" 'F 
12 (0.089) - 
and 
= s oF 
Ry 1 (0.0125 /42) 2.01)C2 0.0215/12) — ae BTU/hr 


As noted in the development of Ry in Appendix 
I (p.I-6) this value applies only for "infinitely 
long" leads. For finite leads the correction 
factor, tanh mi » must be applied. But, tanh xl 
for x33. 


and 


m = [n'P/k A. ts (1/r,) janie, JK, = 5.40 ft7l, 
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Hence, for this size lead, a length of about 64 
inches is sufficient for the "infinitely long" 

lead expression to apply. Variations in the proper- 
ties and dimensions used in calculating m for dif- 
ferent leads would require minor adjustments in 

this length criterion. Therefore, as a general 
rule, if the lead is approximately one foot or 

more in length it may be considered "infinitely 
long" for purposes of this calculation. 

For higher values of h in the range specified 
above, Ry decreases by less than 0%. Also, for 
AWG #28 copper wire, as used in later tests, Ry 
would be approximately double that calculated above. 
Most installations will utilize leads in the range 
from #28 to #22 gage wire. Then, considering both 
variations in the surface coefficient and wire 
size, the value of thermal resistance obtained 
above is typical for the leads used in connecting 
strain gages. | 
Resistance to Heat Flow at Exposed Surface 
(a) From Gage Tab (R.) 

The resistance to heat flow from an exposed 

surface is 

R, = 1 /hA, (I=20) 
Using the measured values of tab area from Table . 


II-1 (p. II-2) and surface heat transfer coefficients 
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in the range specified in the preceding section 
for this calculation the thermal resistances listed 


in Table II-2 were obtained. 


TABLE II-2 


RESISTANCE TO HEAT FLOW FROM EXPOSED SURFACE OF GAGE TAB, 
O 


R.( =- ) 


C00 OO TOO 
L 
2 
5 












103,000 
43,900 
18,800 


(b) From Gage Grid (R,) 
Inserting the grid areas specified in Table 
II-1 and the same surface heat transfer 
coefficients as for the tab into 
R, = 1 / ha, (I-22) 
yields the thermal resistances of the grid surfaces 


as listed in Table II-3. 


TABLE II-3 
RESISTANCE TO HEAT FLOW FROM EXPOSED SURFACE OF GAGE GRID 


°F 
R, (gFU7hr) 


Surface Heat Transfer Coefficient in Bru/nr=ft?-F 
160,000 120,000 
1,8 , 400 


12,300 












2.00 





210,000 









72,700 36 , 300 








18 ,500 9,230 
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h. Resistance to Heat Flow through Backing Material 
(a) Under Gage Tab (Rj) 
The backing resistance under a tab was 
determined from 
Roe =a, / A, eC (1-2) 

The measured tab areas were taken from Table 
II-1. From measurements made on many of the 
gages used it was determined that the foil 
thickness was approximately 0.0002 inch. Hence, 
from Section II-A (p. II-1), the backing 
thickness was 0.001 + 0.0002 inch. A reason= 
able value for the thermal conductivity of 
the epoxy film appears to be 0.115 4 0.015 
Bru/hr-ft-°F /20-16,17631h-13,180/. This 
value is for non-filled epoxy. The exact 
composition of the film used by the mam facturer 
was unknown but for a maximum electrical 
resistance between gage and specimen it seems 
reasonable that a non-filled epoxy would be 
used. Using the properties and dimensions in 
Eq. (I-2l:) leads to the following values for 
backing resistance under a tabs 

= 150 me for gage #1 

= 63.6 BOE for gage #2 

= 22.3 = for gage #3. 
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Considering combinations of the extremes of 
the ranges in backing thickness and thermal 
conductivity which are possible these thermal 
resistances have an uncertainty ranging between 
-29% and +38%. 

(b) Under Gage Grid (Rig) 

The backing resistance under the gage grid 
was found in the same manner as that under a 
tab. Substituting the grid area from Table 
II-1 (p. II-2) and the backing thickness and 
thermal conductivity as specified for the tab 
calculations into 

Rig 7 Sp / KA (I=25) 
the thermal resistance of the backing under 


the grid becomes: 
O 


Reg 31,8 UE for gage #1, 
Rog * 105 —— for gage #2, 
Rog * 26.8 _ for gage #3. 
The same range of uncertainty applies to the 
resistance under the grid as that for the 
resistance under the tab. 
5. Resistance to Heat Flow through Bonding Adhesive 
(a) The applicable expression for this thermal 


resistance parameter is 


Reap = da / keAt ( 1-26) 
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As in the case of the backing resistance 

under the tab, the tab area is obtained from 
the measured values in Table II-1. Eastman 910 
adhesive was used as the bonding agent for all 
installations tested. The thermal conductivity 
of this cyanoacrylate cement was not available. 
However, since a good many of its properties 
/2;18/ coincide with those of other acrylic 
plastics /20-1631h-17l4/, it was assumed that 
the thermal conductivity would also coincide. 
Hence, a value of 0.125 + 0.025 BrU/hr-ft-°F 
was accepted as being reasonable. 

Determination of the adhesive thickness was 
accomplished by measuring the elevation of the 
exposed surface of the backing material at 
each corner of the installed gage with respect 
to the adjacent specimen surface to the nearest 
0.0001 inch with a vernier micrometer and then 
subtracting the backing thickness. This was 
done on several specimens for which the same 
gage application technique had been employed. 
By this method it was found that the thickness 
of the cement was 0.0005 + 0.0003 inch. 

Using the properties and dimensions described 
above in Eq. (I-26) resulted in the following 
values for the thermal resistance of the adhesive 
under the tabs: 
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= 68.8 mr for gage #1, 
= 29,3 BU ie for gage #2, 


a 


RR. = 12.5 for gage #3. 
oud — gag 


Combining the extreme values of the ranges 
of adhesive thickness and thermal conductivity 
leads to an uncertainty range from -66% to +100% 
for this thermal resistance parameter. 
(b) Under Gage Grid (Rog) 

Inserting the grid area from Table II-1l 
(p. II-2) and the adhesive thickness and thermal 
conductivity as described above in the case for 
the tab into 

Regt d./KAg (I-27) 

resulted in the values for the thermal resis-= 
tance of the adhesive under the grid listed 
below: 

pgp ee 


cg Bry /hr 
Reg = 18.) sTuvar £°F gage #2, 





for gage #1, 


Reg * 12.3 orci for gage #3. 
As for the resistance of the cement under a tab, 
the extremes in the uncertainty range for these 
resistances are -66% and + 100% 
6. Resistance to Heat Flow through the Specimen and its 
Surfaces 
(a) Under Gage Grid (R nig? 
To determine the magnitude of Rog all of 
the thermal resistance parameters of the 
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e sub-system shown in Fig. I+3 (p. I+13) must 
be evaluated and combined. These values are 
determined below in the order in which the 
parameters were developed in Section 6 (a) of 
Appendix I. 

The resistance of the small hemisphere 
directly under the gage grid is 

R. L/P, ; (T2390) 

The equivalent radii of the grids, Tq are 
listed in Table II-l. The gages were attached 
to specimens of stainless steel in the 300 
series and 202); aluminum. The respective 
thermal conductivities, Ky for these materials 
are 9.4 BrU/nr-ft-°F and 111.0 BrU/hr-ft=-°F 
/ih-61,101/. Inserting these values into 
(I-30) yields the thermal resistances listed 


in Table II~l. 


TABLE II-) 


.e) 
THERMAL RESISTANCE OF SMALL HEMISPHERE UNDER GAGE GRID, Be orp! 


Gage Number 
Stainless Steel 20.8 ll. 5.78 
Aluminum 1.76 0.966 0.89 
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Appendix I gives the resistance to heat flow 
through the hollow hemisphere portion of the 


specimen as 


« #6-% - Ue Ye ws 
Rr = Dark, try bree: (I-37) 


The grid radii are again those of Table II-l. 
The thickness of the specimens used, t, and 
the corresponding values of R are listed 


below in Table II-5. 


TABLE II-5 
RESISTANCE TO HEAT FLOW THROUGH HOLLOW HEMISPHERE 


OF 
PORT ION OF SPECIMEN, R_, (SFO7hr 


Specimen Spec imen 
Material Thickness nae 


Stainless 0.125" 


Steel 0.08" 


Ontes" 


Oneuee 


Aluminum 
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The equivalent thermal resistance of the 


parallel branches in the qk leg of Figure I-3 


(p. I-13) is given by 


fn ur ot Ke 
Roomb ™ "a — abs F , (I-56) 
2h |e(r +t) + a (1+ ” Tere ie - 


The plate thicknesses, t, and thermal conduc= 
tivities, Kp» are as previcusly specified. 
Taking the surface heat transfer coefficient, 
h, as 2.00 BfU/hr-ft2-°F the resulting values 
of Ragiap for the various plate sizes are 
listed below in Table II-6. Variation of the 
surface heat transfer coefficient within the 
range specified in Section II-B-2 (p. II= }) 
results in a range of these resistances from 
about half to double the values tabulated. 
However, it will be seen below in the calcula- 
tions for Rj} that this variation has little 
effect on the overall thermal resistance of the 


system. 
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TABLE II-6 


EQUIVALENT COMBINED THERMAL RESISTANCE OF Rap? R R_, AND Rey, 


Tr 
OF 
Reomb (a =) 


area eer peeimen Radius one 
3.385" (6"x6" )xe] 2, 2571 Ltxh" je] 1. 1281 ( 2x2" xe | 


Ps 2 36 8.16 

er 2.51 9.15 

0.98 8.19 

1.01 8.68 

*Numbers in parentheses are dimensions of surface of plate 
employed. 











Material Thickness 
0.125" 
0.08" 








Stainless 
Steel 









0.125" 









Aluminum 





0.045" 


The thermal resistance at the upper surface 
of the central cylinder portion of the specimen 


is calculated from 


(I-59) 
1 
Rat wh [Et -») (FE t+x) - *-) tant f 


Considering the gage-specimen combinations 

used, this expression will have a minimum value 
for gage #2 mounted on a QNx2Nxat aluminum 

plate with a surface coefficient of 5.00 BrU/nr- 
ft°-F. Under these conditions Ro 986 aR - 
Examination of Tables II=-5 and II=6 shows that 
this value is almost 60 times the resistance of 


the heat path parallel to Rit in Figure I-3 


under corresponding conditions and is about 36 


Tet) 





times the sum of the maximum values from each 
of these tables. This indicates that the heat 
flow through the Rat branch is negligible com- 
pared with that through the parallel branch 
composed of R, and Regmpe Hence, the assumption 
involved in the final compilaticn of Rog in 
Appendix I (p. I-21) is justified. 

The total resistance to heat flow through 
the specimen and its surfaces under the grid 
is then determined from 

Rog = Rn + Re + Reomb (I-60) 
where Ra? R,» and Rignpy are obtained from 
Tables II-, 5, and 6 respectively. These 
values are listed in Table II-7 for the various 
combinations of gages and specimens employed 
experimentally. 

Note from Table II-7 that the size of the 
specimen has relatively little effect on the 
resistance compared with the effect of the 


specimen material. 
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TABLE II~7 
O 


li 
THERMAL RESISTANCE OF SPECIMEN UNDER GAGE GRID, Rog BTU hr? 


Specinen | Specinen 
Material | Dimensions [1 | 2 [| 3 


Stainless 
Steel 6"x6"'x 1/8" 


Ltxh1 /8" 
QNx2Nx 1 /8M 
6"x6"x.0)8" 
Ltxhtx. 08" 


Qty dx O08" 


Aluminum | 6"x6"x1/8" 
Ax) 1/8" 
2x 2Mx 1/8" 
6"x6"x O05" 
W"xhx. 05" 
2"x2"x 05" 





(b) Under Gage Tab (Rot) 

The thermal resistance of the specimen under a gage 
tab may be computed from Eq. (I-61)(p.I=-22). This 
expression is identical to (1-60) from which Rpg was 
obtained above except that the equivalent tab radius, 
r., has been substituted for the equivalent grid 
radius, rg. But Table II-1 (p.II=2) shows that as 

and Ig are of the same order of magnitude. Therefore, 
the values of this resistance parameter, Bae will 


have the same order of magnitude as those listed 


in Table I1i-7 for the 
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resistance under the gage grid. Additionally, in 
‘determining the overall thermal resistance of the 
ae Rep in Section II below, it will be 
seen that exact values of Rot are not required. 
Hence, the order of magnitude Wiaes refteesa to 
above are sufficiently accurate for the specimen 
resistance under a gage tab. 
Combination of the Individual Parameters Forming the 
Equivalent Thermal Resistance of the System 
The total, steady-state, thermal resistance of the 
system is now obtained by examining the magnitudes of 
the parameters evaluated in Part II-B above, making 
various approximations to eliminate several of the para- 
meters based on these relative magnitudes, and then 
combining the remaining terms analytically. To aid in 
visualizing the overall effect of the individual resis-= 
tances Figure 2 (p.10) is repeated here as Figure II-1l. 
The values calculated in Part II-B for these parameters 
have been inserted in the appropriate blocks of the 
diagram. Reading down, the mumbers in the blocks 
correspond to Gages 1, 2, and 3, respectively. The 
specimen resistances under the grid, Rog? as shown are 
averages of those listed in Table II-7 for the various 
specimen sizes corresponding to a given gage size and 
specimen composition. The values of Rot shown are 


identical to those of Rog since, as previously 
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SCHEMATIC DIAGRAM OF STEADY STATE HEAT TRANSFER SYSTEM WITH PARAMETERS EVALUATE 
Numbers reading down are for gages one, two and three respectively in OF-hr/BTU. 


< Rot and Rg are averages for the various specimen sizes. 
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determined, their orders of magnitude are the same and, 
as is evident from the diagram, their exact magnitudes 
are inconsequential. 

Upon examining the parallel combination in the 
upper right hand corner of Figure II-l it is immediately 
evident that the values of Ro in the center leg are 
exceptionally larger than the values in the other two 
legs. It can easily be shown that these values are at 
least 200 times as large as the corresponding parallel 
equivalents for the upper and lower legs. Therefore, 
in all practicality, R, can be treated as being infini-~ 
tely large and be eliminated from the heat transfer 
circuit. Having eliminated R,, the equivalent resis- 
tance of the remaining parallel combination is insigni= 
ficant compared with the extremely large value of R, 
with which it is in series.. Hence, the only appreciable 
contribution to the thermal resistance of the first Pat 
path is that from tHe gxita to the tab itself. A similar 
analysis of the second tab path yields the Seyic result. 

In the development of the grid-to-tab resistance 
parameter, R,, in Appendix tit was assumed that the 
effect of thermal interaction petipwen grid filaments was 
negligible for this application (p. I-l). From the 
relative magnitudes of the parameters involved it may 
be seen that even if this effect would reduce Ry by 90% 
which is unlikely, the ratio of R,. to the resistance of 
the parallel combination in series with it would still be 


bout 1000:21. 
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Another assumption in the development of Ri (p.I-3) 
was that T,=T,, - Since the temperature drop along the 
path is proportional to the resistance of the path it 
is evident from the previous paragraph that the tempera=- 
ture drop from the tab to ambient is less than 1/1000 
of the total drop. Thus, as an example, for a tempera-~ 
ture difference of S500°F between the grid and ambient 
the drop from the tab to ambient would be less than 4°F. 
Hence, this assumption is also justified. 

Also note from the above analysis that the leads 
have a negligible effect on the heat transfer mechanism. 
Thus, as asserted in the development of the lead resis- 
tance, Rg (p. I-6), the details of local conditions at 
the lead-tab junction are insignificant. 

Having reduced each of the two tab paths to the 
single value of R, the circuit of Fig. II=-1 can now be 
further reduced. 

For the values tabulated on the diagram it can be 
shown that, for a given gage, the equivalent resistance 
of the upper three parallel paths (the two tab paths 
and the surface path) is at least 17h times the sum of 
the resistances in the specimen path. Even considering 
the case where the adverse extremes of the ranges of 
these resistance parameters occur together the ratio of 
the parallel equivalent resistance of the upper three 
paths to the series equivalent resistance of the lower 


path is about 40:1. These ratios are sufficiently 
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large that, for practical applications, the parallel 
combination of R., Rk , and R, may now be considered as 
an infinitely large resistance. Hence, the two tab 
paths and the surface path may be eliminated from the 
analogue circuit. 

The remaining portion of the schematic diagram is 
indicated by the heavy line in Figure II-l. This line 
shows appreciable heat flow through the specimen path 
only. Thus, the parameters which resist heat flow from 
the gage grid through the gage backing, Rng through the 


bonding adhesive, R_._3; and through the specimen and its 


cg 
surfaces, Rog? to the atmosphere are the primary ones 
affecting overall thermal resistance of the system, Rene 
Therefore, 
Reet. )/a, Re Roe (II-1) 

Using the values for Reg? Rg? and De computed in 
Section II-B, the total thermal resistance of the system 
for each of the various test combinations is as listed 
below in Table II-8. Considering combinations of the 
extremes of the ranges in all of the properties and 
dimensions and the accuracy of the approximations eme 
ployed in calculating these tabulated values of Ren it is 
estimated that an uncertainty ranging between =),0% and 
+55% should be associated with each value. 

Using the parametric expressions for Rug? Reg? and 
Rog from Eqs. (I-25), (1-27), and (1-60) respectively, 


the total thermal resistance of the system may be exe~ 


pressed as 
II=21l 


| 





f de +h | 2t - VAy/r 


Ren = Ay ky ks ZKpt / Tr A, 


fn oe ue Kp (II-2) 


hy, 


— Eo ee 
> 2mh| Ke (t) +4) + -£ (1+ boy +E) 


TABLE II-8 


COMBINED THERMAL RESISTANCE OF ENT IRE HEAT TRANSFER SYSTEM, 
O 
Ee 
Ren (prozar 
Specimen | Specimen Gage Number / Grid Areas in2x107 
Material | Dimensions 1/0.300 e70s792 3/3-90 


6"x6"x1 /8" 50 
Sl 
Bt 
48 
9 
56 
M1 










Stainless 
Steel 














Yitxhtx1 /B" 
2'x 21x] /B" 
6"x6"x .0),8" 
Wtxhtx O48" 





2x 2x ,OL8" 
6"x6"x1 /B" 


Aluminum 









ytxhx1 /B" 2 
2x2"x1 /BM 1,8 
6"x6"x 015" hi 
"xl. 05" 1,2 
2"x2"x O45" 18 
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APPENDIX IIT 


EXPERIMENTAL RESULTS 


The specific Lit eee performed in accordance with the 
procedures described in Section 3 are discussed in detail in 
this appendix. Values of the various parameters determined from 
these tests as well as the status of the tgel. Views Sire for each 
run are tabulated at the end of this section. 

The fractional changes in the electrical resistance of the 
gage due to elevated oven temperatures for several of the uniform 
heating cycles are listed in TableIII-1 (p. III-6). The tabulated 
values of resistance change show relatively minor variations 
about zero for the gages attached to the sus Tee steel plates 
except for the first cycle ofuqaee 1A where a great deal of 
hysteresis was evident. These trends indicate the effectiveness 
of the self-temperature-compensation characteristics of the gages. 
Those gages attached to aluminum plates show an increasing posi- 
tive resistance change with increasing temperature. 

The theoretical temperature coefficient of resistance for 
the case of uniform heat ing of a self-temperature-compensated 
gage installation is given by Eqs. (9) and (11) (p. 7) SE. 

i as F( Xp = Oo.) ° (III-1) 
In applying this expression to the gage 1A = stainless steel 
specimen combination it is seen that * is zero because the gage 
is compensated for the material to which it is attached... That 


is, the thermal coefficients of expansion for the specimen and 


ItI-l 


-_ —- at —s + — 





the material for which the gage is compensated are the same. 

For an aluminum specimen, however, this result would not be zero 
since the expansion coefficients are different. Using coeffici- 
ents of 9.6 x 1076 / °F and 12.6 x 107° / °F respectively for 
the stainless steel and aluminum and the gage factor (1.98) 
provided by the manufacturer for gage #1 it is predicted by 
(III-1) that the thermal coefficient of resistance of the system 
for this case is about 6 4 per °F. As before, the material 
properties used are averages of the values listed in several 
publications and may vary by about + 10%. 

The results of the several attempts at verification of the 
thermal resistance of the system by the temperature measurement 
method are listed in Table III-2 (p. III=7). These tests were 
all performed on 6"x6"x1/8" stainless steel specimens. | 

Runs 1 through employed the iron-constantan thermocouples 
with integral leads. In Runs 1 and 2 the junctions were varnish 
coated and mounted vertically. Both provided aimost identical 
results as seen from the tabulated values. For Run 3 the varnish 
coated Fe-Cn thermocouple was mounted horizontally and thermally 
insulated from the environment as described in Section 3. This 
scheme was expected to produce higher junction temperatures than 
the previous cases. But, as is obvious from the tabulation, the 
resulting measured temperatures were lower. This result is 
attributed to a greater contact resistance between the thermo=- 
couple and the gage grid due to the lower pressure applied. Run 


utilized the Sauereisen #29 coated junction mounted vertically. 
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The results, as listed, are seen to be about the same as those 
of Run 3. Again, high contact resistance is deemed — the 
cause due, this time, to the greater surface roughness of the 
Sauereisen cement. 

The varnish coated, micro-miniature, copper-constantan 
thermocouple junction was used for Runs 5 through 12. Runs 5 
and 8 for gage 2A employed 0.020" and 0.010" diameter leads res~ 
pectively. It was expected from the calculation discussed in 
Section 3 (p.2l ) that both runs would yield the same results. 
However, Run 8 with the smaller leads provided appreciably lower 
temperatures as seen by the values listed in Table IlI-2. The 
difference can only be attributed to greater contact resistance 
as before. Run 12 utilized the same apparatus as Run 7 (gage 1A 
and 0.010" diameter thermocouple leads) but was performed after 
four intervening uniform heating cycles in the oven. The large 
increase in measured temperatures shown may be partially due to 
a better bond between gage and specimen resulting from adhesive 
curing but is more probably due to better physical contact between 
the thermocouple junction and the gage grid. The fact that Run 6 
(0.020" leads) resulted in approximately the same values as 12 is 
merely coincidental. It was found that the electrical resis-= 
tance between thermocouple and gage was only about 75 ohms for 
Run 6. Hence, an appreciable leakage path for gage current was 
established and the normal system performance was extensively 
disrupted. 

The method for determining the equivalent thermal resistance 


of the system by measuring the electrical resistance changes of 
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the strain gage provided the results Listed in Table III-2 

(for Runs 7, 8, and 12) and III-3. The tabulated values were 
obtained by the procedure described in Section 3. The applicable 
variables for each test performed are also listed in the tables. 
In addition, the slope of the linear portion of the curve from a 
plot of the fractional change of electrical resistance of the 
gage as a function of the power dissipated by the gage was ob= 
tained for each run. Theoretically, this slope is the product 
of the temperature coefficient of electrical resistance and the 


equivalent thermal resistance of the system as shown by Eq. (18): 


roe Pie. HR 
The slope obtained as above was divided by R from Eq. (12)(p. 8) 
to provide the experimentally determined value of R,, listed in 
Tables III-2 and III-3. For comparison purposes the correspond- 
ing calculated value of R,, from Table II-8 (p. II-22) is also 
tabulated for each run. 

In general, all of wee tests made using the resistance measur~ 
ing technique were performed in the same manner with the same 
apparatus. However, minor variations in equipment and procedure 
were employed to show the effect of specific operating conditions 
on system performance in some of the experiments. These are 
discussed below. 

To demonstrate the negligible heat dissipation through 
the lead wires Runs 12 and 13 were performed with the same gage= 


specimen combination but with different leads. In Run 12 AWG 


#22 (0.025" diameter) solid copper leads were employed. AWG #28 
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(0.0126" equivalent wire diameter) stranded copper wires were 
used for Run 13. Both tests were made using the three-wire gage 
connection circuit. This circuit compensated any lead wire resis- 
tance changes due to temperature variations but did not prevent 
heat dissipation through the leads. 

A further indication of the lead wire effects was shown by 
Runs lhl and 2. These tests were made using the same gage on the 
same specimen amd with the same size leads (AWG #28 stranded 
copper) but in different circuits. Run hl employed the three- 
wire scheme as above. In Run l2 the standard two-wire bridge 
connection was used. If any temperature variation occurred in 
the leads its effect would be easily observed by comparing the 
results of these two runs. 

The relative significance of the heat dissipated from the 
exposed surfaces of the gage grid and tabs was shown by Runs 22 
and 23. These tests were based on the principle that the amount 
of heat convected from a hot surface facing upward is different 
than that from a hot surface facing downward /33=-311/. Run 22 
was performed with the gage on the upper surface of the plate 
as in the general case. The specimen plate was then turned over 
and Run 23 was made with the gage on the bottom. Any appreciable 
difference between the results of these two experiments may be 
attributed to the heat dissipation from the exposed surfaces. 

Discussion and evaluation of the experimental results 


presented in the following tables will be found in Section }. 
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